Recent evidence has questioned whether the Latitudinal Diversity Gradient 10 (LDG), whereby species richness increases towards the Equator, results from 11 higher rates of speciation in the tropics. Allowing for time heterogeneity in 12 speciation rate estimates for over 28,000 angiosperm species, we found that the 13 LDG does not arise from variation in speciation rates because lineages speciated 14 faster outside the tropics. These results were consistently retrieved using two 15 other methods to test the association between occupancy of tropical habitats and 16 speciation rates. Our speciation rate estimates were robust to the effects of both 17 undescribed species and missing taxa. Overall, our results show that speciation 18 rates follow an opposite pattern to global variation in species richness. Greater 19 ecological opportunity in the temperate zones, stemming from less saturated 20 communities and greater environmental change, may ultimately explain these 21 results. 22 23
Introduction 27
Biodiversity on Earth is very unevenly distributed. The Latitudinal Diversity Gradient 28 (LDG), whereby species richness increases towards the Equator, is the most 29 prominent example of this unevenness. This pervasive pattern has fascinated 30 biologists for more than two centuries [1] [2] [3] [4] , but its underlying causes remain largely 31 unknown. 32 33 A major class of explanations proposes that elevated rates of speciation generate the 34 higher diversity in the tropics and so primarily create the LDG 5 . This increase in 35 speciation is generally attributed to higher environmental energy in the tropics, which 36 in turn can hasten evolution 6 , such as through shorter generation times, higher 37 mutation rates 7 and foster more complex biotic interactions (e.g., faster coevolution or 38 the 'Red Queen running faster when she is hot' 8 ). All these factors make reproductive 39 isolation more likely and favour speciation. However, while some studies on 40 mammals 9 , amphibians 10 and butterflies 11 have shown that tropical lineages speciate 41 faster, other studies have found no latitudinal differences 12,13 or higher rates of 42 speciation in temperate areas 14 , particularly when focusing on recent rates of 43 speciation [15] [16] [17] . Recent speciation rates should be less affected by extinction 18 and 44 more accurate than deep-time estimates, even in the absence of paleontological 45 evidence 19 . They should also reflect any variable that historically influenced 46 speciation and also varied latitudinally, such as environmental energy 20 . 47
48
Flowering plants are one of the largest eukaryotic radiations (roughly 350,000 49 species) and show a marked LDG 21 . Despite this pattern, latitudinal differences in 50 3 macroevolutionary rates in angiosperms have received comparatively little attention at 51 a species-level. Previous efforts have shown that angiosperm diversification is faster 52 in tropical families 22 and in tropical lineages within a limited number of clades 23, 24 . 53
The only species-level analysis found no differences in speciation, but did so by 54 assuming all rate differences in the angiosperm Tree of Life (ToL) were due to 55 geographic distribution alone 25 . One reason for the lack of attention to angiosperms is 56 that their vast diversity makes it difficult to obtain well-sampled phylogenetic and 57 distributional data at a species-level, which is required to estimate speciation rates 58 accurately. 59
60

Results and discussion 61
Here we use species-level data from the whole angiosperm ToL to assess the 62 latitudinal variation of speciation rates in plants. We first estimated species-specific 63 (i.e., tip-based) speciation rates for 29,703 species of flowering plants 26 using 64
Bayesian Analysis of Macroevolutionary Mixtures (BAMM 27 ). BAMM allows for 65 rate heterogeneity through time and across lineages and accommodates non-random 66 incomplete taxon sampling. We then obtained latitudinal data for 236,894 angiosperm 67 species from a previous study 28 and classified species as tropical or temperate using 68 their median latitude estimated from the Global Biodiversity Information Database 69 (GBIF, see Methods for details). We collated the BAMM and GBIF datasets to obtain 70 a dataset (herein 'full') of 28,057 species. 71
72
We found that speciation rates consistently increased towards the poles using several 73 ways of delimiting tropical and temperate species. Using correlation tests that control 74 for phylogenetic pseudoreplication [24], we found that tropical species had smaller 75 7 we randomly sampled 8% of the species (n = 2,273 species) in our full dataset ten 138 times and reran BAMM on these 'small' datasets. As above, the λ estimates from the 139 full and the small datasets were positively correlated (median ρ = 0.66, median p-140 value < 0.001), and this association did not differ between tropical and temperate 141 species (Fig. S8) . 142
143
The positive association between speciation rates and latitude was consistently 144 retrieved using two alternative methods for estimating macroevolutionary rates. First, 145
we used FiSSE (Fast, intuitive State-dependent Speciation-Extinction analysis 31 ), a 146 non-parametric test that determines the effect of a binary trait on speciation rates. We 147 found a positive association of speciation rate estimated with FiSSE (DR) and 148 whether species were temperate with our full dataset (median DR temperate = 0.29 149 species/myr, median DR tropical = 0.18 species/myr, p-value = 0.001). To test whether 150 the excess of temperate species influenced this result, we repeated the analyses in the 151 100 unbiased datasets of 10,000 species and found no significant differences 152 (DR temperate = 0.15 species/myr, DR tropical = 0.13 species/myr, p-value = 0.168). 153
However, simulations suggested that this non-significant result may stem from a lack 154 of power with FiSSE for our given phylogenetic and trait data (Fig S9, time slices, from 0 to 24 million years (myr), which were used to select clades where 161 speciation rates could confidently be estimated (i.e., probability of recovering the8 crown age of lineages was > 70% following ref. 30) and GBIF coverage was > 50%. 163 We then fitted models that implemented time-variable and time-constant functions for 164 speciation and extinction 32 , and selected the best fitting model to obtain clade-based 165 estimates of speciation rates. Mirroring the BAMM results, we found that clades with 166 a larger proportion of temperate species had higher rates of speciation (Fig S10) . 167 168 Overall, our findings do not support the long-standing notion that the greater species 169 diversity of the tropics can be explained by higher rates of speciation. We instead 170 found higher rates of recent speciation closer to the poles. As temperate biotas have 171 fewer species, their niche space may be less saturated, thereby increasing 172 opportunities for lineage divergence 15, 33 . Similarly, reproductive isolation may be 173 elevated at higher latitudes by the greater ecological opportunity generated from 174 recurrent environmental change and climate instability 34 . Other explanations may be 175 related to the ecological and life history traits of temperate species. For example, 176 faster speciation rates at higher latitudes could stem from the higher frequency of 177 small-seeded species 35 . Small seed size is positively correlated with angiosperm 178 diversification 26 , and temperate species did have smaller seeds in our full dataset (see 179 Methods, phylANOVA: p value = 0.001, significance assessed with 1,000 random 180 simulations with phytools 36 ). Therefore, our results suggest that latitudinal 181 differences in speciation rate do not shape the LDG but are shaped by differences in 182 species diversity and traits 16, 37 . 183
184
Rejecting the role of speciation rate as the cause of the LDG calls for alternative 185 explanations 25 . From a macroevolutionary perspective, greater tropical species 186 diversity may arise for at least three reasons 38 : i) higher rates of diversification (i.e., 187 9 speciation minus extinction), ii) higher rates of net migration, and iii) greater potential 188 for historical colonisation. First, the elevated speciation near the poles could be 189 coupled with higher extinction rates to produce a scenario where temperate zones act 190 as both a "cradle" and "grave" of biodiversity 34 . Net diversification might therefore 191 still be higher in tropical areas despite the absolute rates of speciation and extinction 192 each being smaller than closer to the poles. However, the lack of reliable extinction 193 rate estimates from molecular phylogenies in the absence of fossil data estimates of speciation, we were able to exclude faster rates of evolution, such as 212 respectively. Species were also grouped into 10° bins according to their median 234 latitude to define latitudinal bands (starting from a band centered in the Equator from 235 -5° to 5°, then from 5° to 15, etc). We repeated the analyses using only densely 236 sampled species (i.e., with five or more data points in the GBIF dataset). Strictly 237 tropical and temperate species were defined as species with median, maximum and 238 minimum latitude occurring inside and outside the tropics, respectively. We discarded 239 widespread species (i.e., neither strictly tropical nor strictly temperate) for analyses 240 comparing strict tropical and temperate taxa (retaining 20,766 species). Finally, we 241 discarded data with median latitudes in the highest latitudinal bands (>50° and <-50°), 242
which contained very few species with extreme estimates of λ (retaining 25,189 243 species). 244 245
BAMM-based analyses 246
We correlated BAMM speciation rates and latitudinal data using Structured Rate 247
Permutations on Phylogenies (STRAPP) 29 . STRAPP assesses the significance of the 248 empirical association of macroevolutionary rates and phenotypic traits by comparing 249 it to a null distribution generated by permuting the speciation rates across the 250 phylogeny while maintaining the position of the rate shifts in the phylogenetic tree. 251
We performed all STRAPP two-tailed tests using the traitdependentBAMM function 252 of the BAMMtools package 49 with 1000 replicates and logging the rates. We assessed 253 whether i) tropical and temperate species had different speciation rates using a Mann 254 Whitney U test; ii) speciation rates for each of the latitudinal bands were different 255 using the Kruskal-Wallis rank sum statistic; and iii) species absolute median latitude 256 was correlated with its speciation rate using Spearman's rank correlation coefficient. 257
258
We analysed the potential effect of the disproportionate amount of temperate species 259 in our full dataset using BAMM. Subsampled datasets were consistent with the LDG 260 and either i) maintained the proportions of tropical (57.5%) and temperate (42.5%) 261 taxa observed in the GBIF dataset ('unbiased'); or ii) assumed that the species absent shows that there is no difference in the correlation between λ of the full and 284 subsampled datasets between temperate and tropical lineages. 285
286
We also confirmed that our results could not be explained by latitudinal variation in 287 the clade sampling fractions of our BAMM analysis. We found a positive relationship 288 (slope = 0.059, p-value < 0.0001) between the species median latitude and its 289 sampling fraction (i.e. the percentage of species in the same family present in our 290 28,057 species phylogenetic tree). This result meant that a 10° increase in median 291 latitude corresponded with an average of 0.59% increase in sampling fraction. 292
Furthermore, we found that there was a negative relationship between sampling 293 fraction and the log-transformed estimated speciation rate (slope = -0.055, p-value < 294 0.0001). Again, this effect size was small. For example, an increase in sampling 295 fraction from 20% to 30% corresponded with an average decrease of 0.33 296 lineages/myr in the estimated speciation rate. 297 298 Our full dataset contained λ estimates for 28,057 species, which represent 8% of 299 described angiosperm species (total n = 346,365 calculated with Taxonlookup). To 300 assess the reliability of λ estimates given the large number of missing taxa, we 301 randomly generated 10 subsamples ('small' datasets) with 8% of the species in our 302 full dataset (n = 2,273). As above, we ran BAMM for each of the 10 subsamples and 303 predicted the full λ estimates using the small λ estimates. Similar to the unbiased and 304 extreme tropical datasets, we found that the effect size of the interaction of tropicality 305 and λ was not different from zero across all the 10 replicates (mean = -0. 0033 We also assessed whether the lack of significant differences between tropical and 328 temperate speciation rates that we found with the 100 unbiased datasets could be 329 explained by their sample size (n=10,000 species). We generated 100 replicates of the 330 full dataset of 2,000; 4,000; 6,000; 8,000; 10,000; and 12,000 species and reran FiSSE 331 for each of them. We then ran an exponential regression with the size of a dataset as a 332 predictor and the logged p-value of the association of speciation and tropicality as a 333
response. 334 335
Clade-based analyses 336
We estimated clade-level measures of speciation across the angiosperm phylogenetic 337 tree. We used a set of 4 million-year-wide time intervals from 0 to 24 myr to define 338 the ages of the clades. Clades were delimited as the largest non-overlapping 339 monophyletic groups of four or more species where the sampling was larger than 340 30%. This criterion ensures that the probability of retrieving the correct crown age of 341 the clade is above 70% 30 . At least 50% of the species in the clades also had to have 342 latitudinal data. We used RPANDA ( Smaller seeded species have been shown to speciate faster than large seeded species 26 . 365
We assessed whether seed size differed between temperate and tropical lineages as it 366 has previously been shown to do so 35 , and so latitudinal variation in seed size could 367 explain the differences in speciation between tropical and temperate species. We 368 obtained seed size measurements for 13,127 species in our full dataset from a 369 previous study 26 . The resulting dataset was disproportionately temperate (76.04% of 370 the species were temperate). Average seed sizes were larger in tropical than in 371 temperate species (mean seed size tropical = 0.149 g; mean seed size temperate = 0.065 g; t = 372 -298.7; df = 4189.2; p-value < 0.001). This difference remained when phylogeny was Table S1 . Temperate species have mean higher speciation rates (λ, estimated with 399 STRAPP) than tropical species across different datasets: "more.GBIF.data" excludes 400 species with less than five GBIF data points; "no.widespread" excludes species 401 occurring both in and outside the tropics; "no. 
